The liberalization of marijuana policies, including the legalization of medical and recreational marijuana, is sweeping the United States and other countries. Marijuana cultivation can have significant negative collateral effects on the environment that are often unknown or overlooked. Focusing on the state of California, where by some estimates 60%-70% of the marijuana consumed in the United States is grown, we argue that (a) the environmental harm caused by marijuana cultivation merits a direct policy response, (b) current approaches to governing the environmental effects are inadequate, and (c) neglecting discussion of the environmental impacts of cultivation when shaping future marijuana use and possession policies represents a missed opportunity to reduce, regulate, and mitigate environmental harm.
M arijuana is the subject of heated debates over whether the liberalization of marijuana policies would benefit or harm society (Kilmer et al. 2010 , Caulkins et al. 2011 . Countries as diverse as Uruguay, Morocco, and the Netherlands-as well as 23 US states-are experimenting with the decriminalization of marijuana, including the states of Colorado, Washington, Oregon, and Alaska, which have legalized recreational sale and possession (AP 2014 , Hughes 2014 . The policy debate, which has focused on the publichealth and criminal outcomes of liberalization, has largely neglected another notable source of societal harm arising from widespread marijuana use: the environmental harm associated with its commercial-scale cultivation. Where this harm has been examined by policy analysts in a legalization and policy context in Washington State (O'Hare et al. 2013) , it was assumed that the environmental impacts are largely associated with energy use in indoor cultivation and will shrink in state-legal markets through regulation and other mechanisms. In that case, it was also assumed that environmental considerations are of minor importance in framing marijuana policy (O'Hare et al. 2013) .
These assumptions are questionable in warm, arid, or semi-arid regions with extensive outdoor marijuana cultivation, or where state-legal/medical markets and black markets are significantly intertwined. California, where by some estimates 60%-70% of the marijuana consumed in the United States is grown (USDOJ NDIC 2007 , Gabriel et al. 2013 , serves as a good example of both conditions. California marijuana is primarily outdoor grown, and there is significant mixing between the medical and black markets (Short 2010 , Bauer et al. 2015 . Although the total area under marijuana cultivation in California is likely low compared with that of traditional Californian crops such as grapes, hay, or tomatoes, the site-specific impacts of marijuana production are significant and problematic. Illegal marijuana production in California is centered in sensitive watersheds with high biodiversity (Bauer et al. 2015) , which represent habitat for several rare state-and federally listed species. The Mediterranean climate of much of the state results in the limited availability of surface water within these watersheds during marijuana's growing season. The combination of limited water resources, a water-hungry crop, and illegal cultivation in sensitive ecosystems means that marijuana cultivation can have environmental impacts that are disproportionately large given the area under production.
Like all forms of agriculture, marijuana cultivation has implications for natural resources that should be part of the current and future policy discussion. However, regulation designed to mitigate environmental harm is more difficult to implement for marijuana cultivation than for other agricultural activities because of its unique and evolving legal status. Although many US states are legalizing recreational and medical marijuana possession and use, it remains illegal at the federal level, putting the industry in a semi-legal gray area in these states. This status separates marijuana from fully legal agricultural commodities and greatly complicates regulation of the industry. Without adopting a position on liberalization of marijuana use and possession policies, we argue here that (a) the environmental harm caused by marijuana cultivation in both the semi-legal and black-market context is significant and merits a direct policy response, (b) current approaches to and funding for governing the environmental effects are inadequate, and (c) neglecting discussion of the environmental impacts of cultivation when shaping future marijuana-use and -possession policies represents a missed opportunity to reduce, regulate, and mitigate environmental harm.
The environmental impacts of marijuana cultivation
Marijuana is a water-and nutrient-intensive crop (Cervantes 2006 , HGA 2010 ). Its cultivation is associated with land clearing (figure 1), the diversion of surface water (figures 2 and 3), agrochemical pollution, and the poaching of wildlife in the United States (Gabriel et al. 2013 , Thompson et al. 2014 , Bauer et al. 2015 and internationally (Armstead 1992 , McNeil 1992 , Bussman 1996 . Where grown indoors, it can require extensive energy inputs with potentially negative effects on climate (Mills 2012 , O'Hare et al. 2013 . Marijuana cultivation in California is mainly concentrated in remote forested watersheds, on private, public, and Native American tribal lands, and is largely grown outdoors (Gabriel et al. 2012 , Milestone et al. 2012 , Thompson et al. 2014 , Bauer et al. 2015 , with environmental impacts often extending far beyond the specific cultivation site (Gabriel et al. 2013 , Bauer et al. 2015 . Both semi-legal and black-market marijuana plantations can be harmful to water resources and aquatic life. In the California north coast region, an estimated 22 liters (L) of water or more per plant per day are applied during the June-October outdoor growing season (HGA 2010) . Using this water application rate and documented planting densities in greenhouses (900,000 plants per square kilometer [km 2 ]; Bauer et al. 2015) , water application rates would be approximately 3 billion L per km 2 of greenhouse-grown marijuana per growing season. Outdoor planting densities appear to be much lower (Scott Bauer, California Department of Fish and Wildlife, personal communication, October 13, 2014), and if we assume a planting density of 130,000 plants per km 2 , water application rates would be approximately 430 million L per km 2 of outdoor-grown marijuana per growing season. For comparison, wine grapes on the California north coast are estimated to use a mean of 271 million L of water per km 2 of vines per growing season (CDWR 2001 (CDWR , 2002 (CDWR , 2003 (CDWR , 2004 (CDWR , 2005 . Marijuana is therefore estimated to be almost two times more "thirsty" than wine grapes, the other major irrigated crop in the region.
Compared with more established forms of agriculture on the north coast, where abundant winter stream flow is sometimes captured and stored locally in ponds or tanks for later summer use, marijuana cultivation is typically irrigated with summer and fall surface water diversions directly from headwater streams and springs (Gabriel et al. 2013 , Bauer et al. 2015 . These diversions are localized in smaller, sensitive watersheds that are hotspots of biodiversityand particularly aquatic biodiversity (Bauer et al. 2015) . Although legally constructed water storage can be strategically located within a watershed network to mitigate the cumulative downstream effects of water abstraction (Grantham et al. 2010 , Viers et al. 2013 , surface water diversions for marijuana cultivation have been documented to significantly reduce or eliminate already low stream flow during California's Mediterranean-type dry summer season, particularly during drought years, and therefore threaten the survival of rare and endangered salmonids, amphibians, and other animals (Gabriel et al. 2013 , Bauer et al. 2015 .
For example, Bauer and colleagues (2015) found minimum stream flows in four northern Californian watersheds to be so low in the summer months that direct surface-water
Figure 1. Land clearing, habitat conversion, and road building associated with marijuana cultivation in the Trinity River watershed (a) before conversion, 2004, and (b) after conversion, 2012. Source: Jennifer Carah; base imagery US Department of Agriculture Farm Service Agency through Google Earth (2004), and Google Earth (2012).
diversions, based on small pumps operating at standard pumping rates, could dewater streams if more than one pump ran at once. For three of the four watersheds examined, existing demand for water for marijuana cultivation exceeded minimum instream flows in the summer by more than a factor of 2 (Bauer et al. 2015) . These estimates can be scaled up to larger watersheds by considering the average summer water yields from larger rivers on a per-area basis. For comparison, the areally averaged water yield from the Eel River during the marijuana-growing season is approximately 50,000,000 L per km 2 per season (figure 4)-ten times lower than the estimated marijuana water requirement of 430,000,000 L per km 2 per season. Marijuana plantations, even if relatively small in area, can have a disproportionately large impact on water resources and flow.
Marijuana plantations can also pollute watersheds and poison wildlife. Pesticides, used heavily in black-market cultivation on public lands, make their way into terrestrial food chains, posing significant risks to mammalian and avian predators (Gabriel et al. 2013 ). For example, Gabriel and colleagues (2012) and Thompson and colleagues (2014) found that more than 80% of deceased Pacific fishers (Pekania pennanti) they recovered in northern California and the southern Sierra Nevada were exposed to anticoagulant rodenticides, pesticides used to control wood rats (Neotoma spp.) in black market-marijuana cultivation. The likelihood of exposure increased and female survival rates decreased with the presence of marijuana cultivation sites within fisher home ranges (Thompson et al. 2014) . The use of these pesticides is a significant threat to fishers, which are already rare and are candidates for listing under the Federal Endangered Species Act. In addition, where marijuana growers trespass onto public and tribal lands or large industrial timberlands to grow marijuana, they often camp out for many months at a time and poach wildlife for sport and sustenance (Milestone et al. 2012 , Gabriel et al. 2013 .
Land terracing, road construction, and forest clearing for both semi-legal and black-market marijuana plantations remove native vegetation (Milestone et al. 2012) and increase erosion (USDOJ NDIC 2007, Gabriel et al. 2013, Bauer et al. 2015) . Erosion increases fine-sediment loading into streams, damaging spawning and rearing habitat for salmon and trout, such as federally endangered coho salmon (Oncorhynchus kisutch; USDOJ NDIC 2007). Nonbiodegradable trash and human excrement are commonly dumped around black-market marijuana cultivation sites on public and tribal lands (USDOJ NDIC 2007) . The heavy use of pesticides, herbicides, fertilizers, and petroleum fuels in both semi-legal and black-market cultivation can also contaminate watersheds (USDOJ NDIC 2007 , Gabriel et al. 2013 . Environmental clean-up and remediation efforts in the affected watersheds are limited, even after enforcement actions are taken, because of lack of resources and staff in state or federal agencies (Gabriel et al. 2013) .
Minimal governance of environmental impacts
Because of the clandestine nature of the business, hard data on California land in marijuana production or production volumes are unavailable (Kilmer et al. 2010) . Several older estimates of US marijuana-consumption rates exist, although they span a large range and incorporate significant uncertainty (Kilmer et al. 2010 ). Numbers range from 1 million kilograms (kg; Abt Associates 2001) to estimates from the Drug Enforcement Administration (DEA) and the United Nations Office on Drugs and Crime (UNODC) of about 4.2 million kg (Drug Availability Steering Committee 2002; UNODC 2005) and almost 10 million kg estimated by an industry insider (Gettman 2007 ). If we take the midrange DEA-UNODC estimate, assume that the US Department of Justice (USDOJ) estimate that California produces 60% of the marijuana consumed in the United States holds true (USDOJ NDIC 2007), and assume a $6600-per-kg price (Kilmer et al. 2010) , then wholesale marijuana sales in California total approximately $16.7 billion ($11.2 billion if one assumes a lower price of $4400 per kg). Even considering the uncertainty, these estimates suggest that marijuana is the largest cash crop in California, with the next largest commodity, milk and cream, securing $6.9 billion in wholesale sales (USDA 2012) .
However, marijuana cultivation is not subject to effective statewide governance (Short 2010) . Cultivation for medical use was decriminalized as part of the Compassionate Use Act in 1996, specifically for ill individuals. Since the passage of that law, both the small-and large-scale cultivation of marijuana for medical purposes and the black market have increased dramatically (USDOJ NDIC 2007), particularly in the last 5 years, where watersheds in northern California have seen increases in area under production ranging from 55% to over 100% (Scott Bauer, California Department of Fish and Wildlife, personal communication, April 8, 2015). The production and sale of medical marijuana in California are currently regulated through a patchwork of county and state rules. However, all cultivation-including cultivation for medical purposes-remains illegal under federal law.
This semi-legal status greatly complicates local authority to regulate the medical market (Mozingo 2013 ) and sets the industry apart from traditional agriculture. For example, in recent efforts in Mendocino County, the local authority's attempts to regulate medical markets have come into direct conflict with federal authorities, causing local officials to cease regulating the medical market (Mozingo 2013) . This conflict also encourages secrecy and invisibility among producers for both the semi-legal medical and black markets, leading to lower levels of voluntary compliance with existing environmental regulation (Short 2010) . The minimal regulation of medical markets further compounds the already significant intermixing of the medical and black markets in California (Short 2010) . This intermixing creates further challenges for the effective enforcement of environmental laws and requires extensive coordination between natural-resource and law-enforcement agencies (Short 2010) . In particular, the threat of violence associated with black market-marijuana cultivation complicates efforts and increases costs by naturalresource agencies to conduct field surveys or carry out enforcement or regulatory activities (Short 2010 , Gabriel et al. 2013 .
In short, the semi-legal status of the medical market and the significant intermixing of the medical and black markets complicate regulation of the industry. As a result, local marijuana-specific laws and regulations, as well as other existing state and federal environmental laws that apply (e.g., the state Fish and Game Code and Water Code and the federal Clean Water Act and Endangered Species Act) are currently inconsistently and lightly enforced (Short 2010) . The lack of a robust legislative mandate to prevent and address the environmental impacts associated with marijuana cultivation adds to this challenge (Short 2010) .
A lack of adequate resources also plays a significant role (Short 2010 , Gabriel et al. 2013 . The small number of state agents currently available to regulate this industry and others-and to enforce environmental laws-is not sufficient to adequately address the large number of marijuana cultivation sites. As an example, the State Water Resources Control Board, the agency tasked with administering water rights in California, is chronically underfunded (Grantham and Viers 2014) and already suffers from lack of staffing capacity and from permitting backlogs in processing water-rights applications for traditional water users (Little Hoover Commission 2010). Without new revenues, adding marijuana cultivators to this permitting queue will only further stretch already-thin resources.
Opportunities to reduce the environmental impacts of marijuana cultivation
There is a clear increasing trend in the liberalization of attitudes and policy toward marijuana use and possession worldwide. This trend presents an opportunity to prevent and mitigate the environmental impacts of marijuana cultivation. The legal marijuana markets currently under development feature policies that target and attempt to ameliorate some of the social and publichealth consequences of marijuana possession and use. For example, Colorado and Washington State both allocate their projected $67 million and $389 million tax revenues, respectively, from legal recreational marijuana sales to state funds supporting public health and education (WOFM 2012 , CLCS 2013 . Current and future marijuana policies should also aim to prevent and mitigate the significant negative environmental impacts of marijuana cultivation.
If liberalization proceeds, future efforts to govern the environmental effects of marijuana production should include both incentives as well as regulatory and enforcement efforts to help legal producers comply with environmental laws and protect environmental resources. In legal markets, technical assistance and outreach programs could play a significant role in encouraging the adoption of best management practices and voluntary compliance. Similar efforts could encourage the management of stream flows that integrate human and ecosystem needs and mitigate some of the impacts of agricultural water diversion from natural systems (Grantham et al. 2010) . Other incentive programs, such as certification and ecolabeling, have been used widely to help reduce the environmental externalities for other agricultural crops and could play a similar role in marijuana production (O'Hare et al. 2013). In order to overcome barriers to
Figure 4. Actual growing season (June-October) discharge volumes (liters per square kilometer [km2] per season) for the Eel River watershed compared with mean growing season discharge volume and estimated marijuana irrigation water need. Note that marijuana water demand (on a per-area basis) exceeds water yield by almost ten times.
participation, however, incentive strategies will likely only be feasible where the legal status of production is clarified. Furthermore, additional financial resources would be necessary to initiate or expand incentive-based programs.
Whether or not marijuana policies are liberalized, improvements in the enforcement of existing environmental laws and in the implementation of regulatory programs are necessary and will require additional resources and a clear legislative mandate. For the first time, the 2014-15 California budget includes $3.3 million in funding for the enforcement of environmental laws on lands used for marijuana cultivation (Taylor 2014) . Despite this promising first step, the need remains for additional dedicated funding to regulate marijuana cultivation and enforce environmental laws, to monitor the environmental impacts on public and private lands, and to support remediation and restoration in affected watersheds.
The scale of the existing marijuana markets in California and elsewhere suggests that taxation and fines could fund these measures. However, none of the $58 million-$105 million in state revenue generated each year from California's $980 million medical marijuana market is currently earmarked for environmental protection, research, or remediation (CSBE 2014) . In California, the legalization of the recreational use of marijuana may be on the horizon and could generate a further $0.65 billion-$1.5 billion in tax revenue (CSBE 2009 , Kilmer et al. 2010 , a portion of which should be allocated to environmental protection, research, and remediation.
Some policy analysts assume that regulation in legal markets will address many environmental impacts (O'Hare et al. 2013) . But, as was previously mentioned, no local markets are fully legal at the federal level in the United States, complicating state regulatory authority (PF and CACP 2015) . In the most recent federal spending bill, the inclusion of a clause prohibiting the US Justice Department from spending money to enforce a federal ban on growing or selling marijuana in US states that have legalized it for medical use (Halper 2014) may help ease regulatory authority in medical markets. But existing models for state-level liberalization have taken very inconsistent approaches in addressing production and environmental impacts. Therefore, the liberalization of use and possession policies per se may not adequately prevent or mitigate the environmental impacts from large-scale commercial cultivation without deliberate consideration.
In addition, black markets (and the environmental impacts associated with black-market cultivation) are unlikely to disappear in the face of local liberalization policies (PF and CACP 2015) . For example, black market-marijuana cultivation remains a problem in Colorado despite the legalization of recreational use (PF and CACP 2015) . Legalization will likely increase consumption-and may increase demand for black market marijuana-depending on how markets are regulated and enforcement conducted (Keefe 2013, PF and CACP 2015) . Production for export to other states will still be illegal (at the state and federal level), and addressing the environmental concerns associated with this illegal production requires a commitment to both addressing illegal production explicitly and remediating the environmental impacts from illegal production. This is of particular concern in California, because the state currently supplies such a large percentage of the marijuana consumed in the United States (Gabriel et al. 2013) .
The reduction of environmental harm associated with marijuana cultivation and the enforcement of environmental laws are important social aims, regardless of the legal status of marijuana. The current levels of ambiguity and secrecy surrounding the industry impede the revelation of associated environmental impacts, as well as the creation and implementation of solutions. Inherent trade-offs and tension between marijuana cultivation and ecosystem needs exist, as they do in virtually all types of agriculture, and those tradeoffs should be quantified and debated openly, as they are in other industries. There is a significant need to broaden the conversation to encompass environmental concerns and to explore how current and future marijuana policy can use both incentives and regulatory tools to prevent and mitigate the environmental damage associated with marijuana cultivation. McBain Associates, in Arcata, California. Sarah studies stream ecology, amphibian biology, and the impacts of hydropower facilities on aquatic resources. Rosamond L. Naylor is an economist in the Department of Environmental Earth Science at Stanford University. She studies the economic and biophysical dimensions of food security and the environmental impacts of crop and animal production.
